SUMMARY We studied the structural alterations that follow the application of currents similar to those used in clinical electric countershock procedures in cultured chick myocardial cells. Myocardial cells 48 hours in culture were subjected to electric field stimulation. The cells then were fixed for electron-microscope examination 30 seconds postshock. The ultrastructural alterations that appeared after an 80 V/cm shock included the appearance of >25% of the mitochondria per cell in the "condensed" configuration and mitochondria with swirled or tubular cristae. Large-amplitude swelling of the mitochondria and swollen endoplasmic reticulum also were observed in a few cells. The alterations that appeared after a 200 V/cm shock included contracture and disorganization of the myofibrils, large-amplitude swelling and loss of cristae in the mitochondria, swollen endoplasmic reticulum and nuclear envelope, and intracellular edema. The degree of ultrastructural change was dependent on the intensity of the shock. These structural alterations are consistent with an osmotic imbalance which occurs during a shock-induced prolonged depolarization of the cell membrane (Jones et al., 1978a), possibly due to a transient dielectric breakdown during the shock, and may underlie the arrhythmias and necrosis which often occur after high-intensity clinical and experimental eountershock procedures in vivo. Circ Res 46: [387][388][389][390][391][392][393][394] 1980 ELECTRIC countershock is at present the treatment of choice for the interruption of ventricular fibrillation and many atrial arrhythmias (Duvernoy and Anbe, 1976; Horn and Lown, 1975; Resnekov, 1973) . However, dose-dependent postshock complications, including ventricular dysrhythmias, depressed mechanical function, and induced morphological alterations (Dahl et al., 1974; Davis et al., 1975; Lepeschkin et al, 1975 Lepeschkin et al, , 1978 Tacker et al., 1978; Van Vleet et al., 1977 Warner et al, 1975) , as well as increased technetium-99m stannous pyrophosphate uptake (DiCola, 1976) and serum CPK isoenzyme activity (Ehsani et al, 1976) , have been observed in a significant percentage of cases in both experimental animals and human subjects (Resnekov, 1975) . The mechanisms by which the electric shock induces this dysfunction are largely unknown. Previous work in this laboratory has shown that arrhythmias similar to those observed in vivo occur in cultured myocardial cells after electric field stimulation of similar intensities and that these arrhythmias are related to a dose-dependent prolonged depolarization of the cell membrane (Jones et al, 1977 (Jones et al, , 1978a Jones and Jones, 1980a) . The present study examines the morphological alterations occurring in these cells after shocks of the same intensities as those which produce the prolonged depolarization with its associated arrhythmias. This study increases our understanding of the mechanisms underlying dysfunction following countershock procedures by establishing the relationship between structural and functional signs of injury.
ELECTRIC countershock is at present the treatment of choice for the interruption of ventricular fibrillation and many atrial arrhythmias (Duvernoy and Anbe, 1976; Horn and Lown, 1975; Resnekov, 1973) . However, dose-dependent postshock complications, including ventricular dysrhythmias, depressed mechanical function, and induced morphological alterations (Dahl et al., 1974; Davis et al., 1975; Lepeschkin et al, 1975 Lepeschkin et al, , 1978 Tacker et al., 1978; Van Vleet et al., 1977 Warner et al, 1975) , as well as increased technetium-99m stannous pyrophosphate uptake (DiCola, 1976) and serum CPK isoenzyme activity (Ehsani et al, 1976) , have been observed in a significant percentage of cases in both experimental animals and human subjects (Resnekov, 1975) . The mechanisms by which the electric shock induces this dysfunction are largely unknown.
Previous work in this laboratory has shown that arrhythmias similar to those observed in vivo occur in cultured myocardial cells after electric field stimulation of similar intensities and that these arrhythmias are related to a dose-dependent prolonged depolarization of the cell membrane (Jones et al, 1977 (Jones et al, , 1978a Jones and Jones, 1980a) . The present study examines the morphological alterations occurring in these cells after shocks of the same intensities as those which produce the prolonged depolarization with its associated arrhythmias. This study increases our understanding of the mechanisms underlying dysfunction following countershock procedures by establishing the relationship between structural and functional signs of injury.
Methods
Myocardial cells were cultured using procedures which have been described previously in detail (Jones et al, 1978a) . In brief, hearts from 8-day chick embryos were dispersed with 0.05% trypsin dissolved in Dulbecco's Ca 2+ -Mg 2+ -free phosphatebuffered saline. The cell suspension was washed free of trypsin, plated in growth medium (L-15 + 10% fetal calf serum) on 60-mm Falcon culture dishes, and incubated in a moist chamber at 37° C. Within 24 hours after plating, spontaneously beating isolated cells and synchronously beating groups of cells attached to the bottom of the culture dish were observed. Sheets of cells that had been in culture 48 hours were used for these experiments.
The procedures for applying electric field stimu- VOL. 46, No. 3, MARCH 1980 lation to cultured myocardial cells have been described previously (Jones et al., 1978a) . In brief, a culture dish containing cells was placed on the stage of an inverted microscope (Nikon model M) equipped with a 37°C constant-temperature incubator. A "stimulation insert" consisting of a square chamber open at the top and bottom and bearing two platinum black parallel plate electrodes at its opposite sides was placed in the dish. Undamped capacitor discharges having a time constant of 2 msec and variable voltage were delivered through these electrodes. Because the current density was uniform in the area between the electrodes, shock strength (E), expressed in terms of the potential gradient, was calculated using the formula E = V/ L, where V is the applied voltage and L is the distance between the plates (2.5 cm.). A single stimulus (shock) with a peak intensity of either 80 or 200 V/cm (values typical of those causing tachyarrhythmia and arrest with contracture, respectively) was applied to the cells during diastole and the contractile response recorded, using the output of a photocell with a DC response, as previously described (Jones et al., 1978a) . The cells were allowed about 30 minutes to recover following the return of their preshock contractile activity because our previous experiments had shown that the response to shock was reproducible once preshock activity was regained (Jones et al., 1978a) . At this time, a second shock of the same intensity was applied. Immediately after the administration of the second shock, the culture dish was taken from the microscope, the stimulation insert removed, and the cells rinsed in two changes of Earle's basic salt solution (GIBCO). Exactly 30 seconds postshock, a solution of 2.5% glutaraldehyde (Ladd Research Industries, Inc.) in 0.1 M sodium cacodylate buffer with 0.01 M CaCL was added to the dish. After overnight fixation at 4°C, the cells were rinsed in several changes of buffer, then postfixed with buffered 1% OsO., (Polysciences, Inc.) for 1-2 hours at 4°C, rinsed again in buffer, and dehydrated by serial exposure to 50, 70, 90, 95, and 100% ethanol. Final dehydration was carried out with 2-hydroxypropylmethacrylate (HPMA) (Polysciences, Inc.). The cells, still attached to the bottom of the dish, were infiltrated with a mixture of HPMA and Araldite 502 (Polysciences, Inc.), followed by 100% Araldite, which was allowed to polymerize in an oven at 60° C for 48 hours. The hardened disc of Araldite was removed by breaking away the culture dish. The cells detached from the bottom of the dish during the process and remained in a monolayer on the bottom of the disc. Three blocks were selected at random from areas of the disc which were contained within the stimulation chamber, cut out, and remounted on cj'lindrical stubs.
Sectioning was performed on a Sorvall MT-2B ultramicrotome. Thin sections (approximately 60 nm) were placed on uncoated 200-mesh copper grids, stained with 4% uranyl acetate and 0.2% lead citrate in 0.1 N NaOH, and examined in a Phillips 300 transmission electron microscope.
Five experimental and two control dishes were analyzed for this study. Three of the experimental dishes received 80 V/cm shocks; two dishes received 200 V/cm shocks. When the experimental material was compared with controls, eight clearly recognizable morphological differences were observed. To quantify the occurrence of these changes, 305 technically satisfactory micrographs of the 80 V/cm, 200 V/cm, and control cultures were coded from a table of random numbers and pooled. The pooled prints then were analyzed for sarcomere length and for the presence of the eight morphological characteristics. After evaluation, the prints were decoded and the data were reassembled according to shock intensity for statistical analysis using Student's /-tests for differences between means and proportions.
Results

Contractile Response
The contractile responses of cultured myocardial cells to the experimentally applied electric stimuli were typical of the responses observed in a previous study which examined the relationship between postshock arrhythmias and shock intensity in detail (Jones et al., 1978a) . A single shock of 80 V/cm produced an extrasystole followed by a period of tachyarrhythmia (temporary increase in beat rate). The amplitude of contraction was at first diminished but gradually returned to normal as the tachyarrhythmia subsided. By approximately 20 seconds postshock, the normal amplitude and beat rate (70-80 beats/min) had been reestablished. A single shock of 200 V/cm produced an extrasystole followed by a temporary cessation of beating (arrest). A contracture of approximately 75% of the normal contraction amplitude, accompanied by cellular fibrillation, a nonsynchronous contraction of the individual sarcomeres within the cell (Jones et al., , 1977 (Jones et al., , 1978a (Jones et al., , 1978b , developed within 2 seconds. The contracture gradually subsided during the 1st minute postshock. Rhythmic contractions resumed with decreased amplitude and at a slower rate during the 2nd minute postshock. A stable amplitude and beat rate were reestablished by about 3 minutes postshock.
Ultrastructure
The appearance of control (unshocked) myocardial cells 48 hours in culture is shown in Figures 1A and 2, 3, and 4 (left). These cells exhibit mitochondria usually showing a light matrix and well-developed Z, A, and I bands, a developing sarcoplasmic reticulum ( Fig. 2 left) , small intercalated discs, and a rough endoplasmic reticulum which has a typical flattened "pancake" type appearance (Fig. 4 left) .
X.
FIGURE 1 Electron micrograph illustrating mitochondrial alterations 30 seconds after electric shock. A: control. Orthodox configuration (narrow intracristal spaces with relatively light, homogeneous matrix). B-D, 80 V/cm shock: (B) Widened intracristal spaces and condensed, structured matrix ("zebra-striping"). (C) Cristae arranged in whorls around a central area of uniform density. (D) Tubular, dilated cristae. E-F, 200 V/cm shock: (E) Loss of cristae and partial rupture of the outer membrane. (F) Large-amplitude swelling with partial loss of cristae and spotty appearance of the matrix. Bars indicate 0.5 fim.
The appearance of cells fixed 30 seconds after an 80 V/cm shock was similar to that of control cells except that the mitochondria often exhibited widened intracristal spaces and condensed matrix resulting in a "zebra-striped" appearance ( Fig. IB) , cristae with partially widened intracristal spaces arranged in whorls, often around a central amorphous region (Fig. 1C) , or tubular cristae showing circular cross-sections (Fig. ID) . The average sarcomere length was similar to that in control cells as shown in Table 1 .
Cells fixed 30 seconds after a 200 V/cm shock exhibited pronounced alterations. Mitochondrial changes included aggregation (clumping) into groups containing closely apposed mitochondria as well as large-amplitude swelling with spotty appearance of the matrix (Fig. IF and 4 right) , loss of cristae with or without rupture of the outer membrane (Fig. IE) , and the occasional appearance of electron-dense material in some intracristal spaces and spaces between the inner and outer membranes. Other alterations included contracture (Fig.  2 right) with occasional disorganization of myofibrils, separation of the inner and outer nuclear membranes (swelling of the nuclear envelope) (Fig.  3 right) , and swelling of the endoplasmic reticulum VOL. 46, No. 3, MARCH 1980 FIGURE Sarcomere length was tabulated on the basis of 100 consecutive longitudinally sectioned sarcomeres in each group. * P < 0.01 compared to control.
( Fig. 4 right) . Sarcomere length was significantly shortened 30 seconds after 200 V/cm shock (Table  1) , thus confirming the presence of contracture at this time similar to that previously observed with photocell mechanograms. Table 2 summarizes the incidence of each of the eight characteristics used to evaluate shock-induced alterations. These were defined as follows:
1. "Condensed mitochondria": most mitochondria in the cell showed widened intracristal spaces and condensed matrix ("zebra-striped" appearance, Fig. IB ).
2. One or more mitochondria per cell exhibited cristae that were distinctly tubular (Fig. ID) or arranged in whorls (Fig. 1C) .
3. Most mitochondria in the cell showed largeamplitude swelling (i.e., they were larger than normal with nearly round profiles, widely separated cristae, and patchy matrices) (Fig. IF) .
4. Most mitochondria in the cell showed loss of cristae (Fig. IE) .
5. Most endoplasmic reticulum in the cell was swollen and turgid (it exhibited a round cross-section, rather than the typical flattened appearance) (Fig. 4) .
6. The nuclear envelope was swollen (it exhibited abnormal separation of the inner and outer membranes (Fig. 3) .
7. Most myofibrils with well-developed sarcomeres, situated away from the sarcolemma (thus differentiating them from developing myofibrils in young cells) were disorganized, as indicated by spotty appearance and loss of Z-band structure and proper alignment of the filaments.
8. Intracellular edema was present, as indicated by focal loss of density, with organelles and ribosomes separated more than in control cells.
The last line of Table 2 shows the percentage of cells exhibiting signs of injury after shock. The categories of "condensed mitochondria" and those with tubular or whorled cristae are excluded from this line since they appear to represent "energized configurations" rather than injury (see Discussion). This line shows that observable morphological changes attributed to injury occurred in a significant percentage of cells 30 seconds after a 200 V/ cm shock but not after an 80 V/cm shock.
Discussion
The waveshape chosen for this study was an undamped capacitor discharge with a 2-msec timeconstant. This waveform was used to make the results quantitatively comparable to those of our earlier studies concerning the electrophysiological basis for postshock arrhythmias. Although the undamped discharge was the defibrillator waveshape of choice a number of years ago, most clinical defibrillators now use a damped discharge which appears to produce less damage. Our recent experiments (Jones and Jones, 1980b ) have shown, however, that damping produces little effect on the duration of postshock arrest in cultured myocardial cells. The decreased damage caused by the damped waveforms appears to be related to the lower peak current required for defibrillation with these waveforms (77 mA/g heart weight for the 2-msec undamped discharge vs. 36 mA/g with the 5-msec half-sine wave, Geddes et al., 1970) . For a 350-g heart with a resistance of about 40 £2 and an electrode separation of about 10 cm, this open-chest defibrillation threshold converts to about 108 V/cm 28% 39%* n = total number of cells studied. ' P < 0.01 compared to control: f P < 0.05 compared to control. t Cells showing either condensed mitochondria or mitochondria with tubular and whorled cristae (see Discussion).
§ Excluding categories of condensed mitochondria and tubular or whorled cristae (see Discussion). VOL. 46, No. 3, MARCH 1980 for the 2-msec undamped capacitor discharge and about 51 V/cm for the 5-msec damped sine wave. The shock intensity of 80 V/cm was chosen because it consistantly produced a tachyarrhythmia which disappeared by about 30 seconds postshock, the time the cells were fixed for microscopy. This value also approximates the calculated voltage gradient of 108 V/cm found in the dog heart at the defibrillation threshold for the undamped 2-msec capacitor discharge, the waveform used in this study.
The shock intensity of 200 V/cm was used because it typically induced functional alterations (membrane depolarization accompanied by arrest with contracture) which still were present 30 seconds postshock, the time at which the cells would be fixed, thus facilitating examination of relationships between shock-induced structural and functional alterations. In contrast to open-chest defibrillation in which the current through the heart is relatively uniformly distributed, during transthoracic defibrillation large variations exist in current distribution throughout the thorax and heart (Lepeschkin et al., 1980) . Experimentally determined potential gradient distributions in the dog thorax during transthoracic stimulation showed voltage gradients of up to 140 mV/cm per volt of applied potential in the subepicardial region of the left ventricular wall (Lepeschkin et al., 1980) , thus suggesting that such potential gradients can appear in the dog heart during transthoracic defibrillating shocks (i.e., for the 5-msec damped sine wave, about 1.4 A/kg are required (Bourland et al., 1978) ). Thus, a 20-kg dog with a resistance of 50 0 requires 1.4 kV or about 200 V/cm using the ratio found by Lepeschkin et al. (1980) .
Ultrastructural Changes Following 80 V/cm Shocks
The major ultrastructural change observed after electric shocks having an intensity of 80 V/cm was a transformation of mitochondria to the condensed configuration and to configurations exhibiting whorled or tubular cristae. Although this transformation was not noted by other investigators who fixed hearts for microscopy 2 hours to several days following electric shock, it can be seen in the mitochondria of a papillary muscle fixed by Homburger et al. (1976, Fig. 15 ) immediately after application of a capacitor discharge; these authors did not mention this configuration in the text. Beketova et al. (1969) also mention "widened cristae" as one of the findings after transthoracic multiple shocks. These authors also fixed the heart within a few minutes after the last shock. These findings suggest that the appearance of a shock-induced condensation of the mitochondrial cristae is a transient phenomenon following the electrical stimulus.
The significance of our observations of increased numbers of condensed and tubular mitochondria in cells fixed 30 seconds after electric shock becomes clearer when these observations are compared with those of mitochondria fixed in various metabolic states (Green, 1974; Homburger et al., 1976; Munn, 1974; Wakabayashi et al., 1970; Williams et al., 1970) . According to these studies, the cristae of cardiac mitochondria are invaginations of the mitochondrial inner membrane into the matrix space and have the shape of hot-water bottles opening into this space. When oxidative activity is depressed because of lack of oxygen or substrate or under the influence of uncouplers, the cristae are collapsed, with very narrow intracristal spaces and an expanded matrix translucent to electrons; this configuration is called "orthodox" or "nonenergized." When oxygen, substrate, and ADP are added, the intracristal spaces expand, with concomitant condensation of the matrix space, until the cristal walls of adjoining cristae touch each other and develop an internal structure at the points of contact (energized zigzag in Korman et al., 1970) . Configurational changes take place very rapidly (within 35 seconds after the addition of ADP to the preparation), and the mitochondria revert to the orthodox form when all of the ADP is phosphorylated (Green, 1974) . We refer to this energized form simply as the "condensed configuration."
In a previous report (Jones et al., 1978a) , we demonstrated that strong electric field stimulation (electric shock) results in a prolonged depolarization of the cell membrane, possibly induced by a transient dielectric breakdown during the high voltage peak of the shock; the severity and duration of this depolarization are dependent on the voltage gradient produced by the shock. An 80 V/cm shock produces a premature action potential followed by a slight residual depolarization of the cell membrane which usually lasts less than 1 minute and induces a short period of rapid pacemaker activity (tachyarrhythmia). During and after this period, the energy requirements of the cell would be augmented due to the more rapid contractile activity and the increased Na-K pump activity required to reestablish the preshock membrane potential and ionic balance; this is a condition consistent with the increase in the percentage of mitochondria in the "energized" configuration found by us 30 seconds after shock.
The energized configurations would be present in a greater number of mitochondria than in control cultures only during the immediate postshock interval during which maximum energy output is required. After recovery of the preshock steady state, the number of mitochondria in the energized configuration would revert to control level; this configuration consequently would not be observed if fixation were to be started later than a few minutes postshock, as was done in most previously published studies. This interpretation is consistent with the observation that, after application to guinea pigs of low-energy transthoracic shocks of the type used in defibrillation, the immediately homogenized heart muscle showed increased 0? consumption; whereas after high-energy shocks, the 0-7 consumption was decreased (Dalli and Chiesa, 1966) .
In the whorled configuration of the mitochondria, which has not been described previously, the peripheral portions of the concentric intercristal spaces are dilated as in the "condensed" configuration. However, the narrowing of the intercristal spaces surrounding the central homogeneous region present in most mitochondria showing this configuration suggests that the concentric arrangement of the cristae is due to compression, perhaps by the deposition of some material, such as calcium phosphate, in the center of the mitochondrion. It is possible that this material is a precursor of the electron-dense deposits which appear in cultured cells several minutes after stronger shocks and after high intensity shocks in dogs (Warner et al., 1975) . Therefore, this configuration can be considered as a precursor of mitochondrial injury, an interpretation consistent with the fact that, whereas the "condensed" configuration was found in 24% of the control cultures, the whorled configuration was found in less than 1% of these ( Table 2 ). The tubular configuration (called "energized" by Korman et al., 1970) of the cristae (Fig.  ID) appeared most often in conjunction with the whorled configuration; it may represent a section through a peripheral portion of mitochondria in the whorled configuration since in these areas the cristae are dilated and tubular in appearance. Therefore, both configurations were grouped together for analysis.
Ultrastructural Changes Following 200 V/cm Shocks
In a previous report (Jones et al., 1978a) , we found that a 200 V/cm shock produced a sharp depolarization of the cell membrane to about 0 mV, with only a rudimentary stimulus-induced action potential. This depolarization was accompanied by an arrest of all rhythmic activity and the production of a severe contracture (sustained contraction). As the membrane gradually repolarized (a period of one to several minutes), the contracture subsided, and spontaneous, slowly rising action potentials began to occur. These increased in amplitude, rate of rise, and duration with continued repolarization until stable contractile activity was reestablished. To confirm the contracture observed in photocell mechanograms and 16-mm moving picture films after strong shocks (Jones et al., 1978a) , sarcomere length was measured in cells examined 30 seconds after a 200 V/cm shock. The mean sarcomere length was significantly smaller than in control micrographs. Few relaxed myofibrils were observed, and about 15% of the sarcomeres were hypercontracted (sarcomere length less than 1 /im). Other investigators who have studied the ultrastructure of adult myocardial tissue immediately after relatively strong shocks observed similar contracture with the hypercontracted sarcomeres often lumping together in the form of intensely dark "contraction bands" (Anderson et al., 1964; Davis et al., 1975; Reichenback and Benditt, 1969; Somogyi, 1976; Van Vleet et al., 1977) .
Cellular edema, as well as swelling of the cellular organelles (mitochondria, endoplasmic reticulum, and nuclear envelope), observed following 200 V/ cm shocks are also consistent with those reported following application of shocks of similar voltage gradients to dog (Beketova et al., 1969; Davis et al., 1975; review Lepeschkin et al., 1975; Syrkin et al., 1972; Tacker et al., 1978; Van Vleet et al., 1977 and guinea pig myocardium (Hornburger et al., 1976) , and they exhibit a dose dependence similar to that reported by other workers (Anderson et al., 1964; Dahl et al., 1974; Davis et al., 1975) . This edema and organelle swelling probably are due to the severe osmotic imbalance after the shock which is produced by the prolonged shock-induced depolarization. The mitochondria in the areas showing edema not only exhibit largeamplitude swelling, a common characteristic of cell injury, but are in a "non-energized" configuration similar to that observed in the presence of uncouplers (Korman et al., 1970) . Thus, these mitochondria are not able to produce energy to aid cellular recovery from the shock, an observation consistent with the decreased oxygen consumption by guinea pig hearts after high-energy shocks (Dalli and Chiesa, 1966) .
In conclusion, this study has demonstrated that both structural and functional signs of dysfunction occur in cultured myocardial cells after electric shocks of intensities similar to those used clinically. The structural alterations are dose dependent and appear to be induced by a shock-induced dose-dependent prolonged depolarization of the cell membrane. It is possible that similar structural and functional alterations occur in human and dog hearts following high-intensity electric countershock and that these alterations underlie the arrhythmias and myocardial necrosis which are produced in vivo at these high intensities.
